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Abstract Hardware in the loop simulation (HILS) has been investigated in the ﬁeld of the multibody
dynamics (MBD), which combined the MBD simulation with the actual mechanical system. The fast
simulation is necessary for the HILS system in order to require the real time simulation. This paper
presents a fast simulation technique using the domain decomposition method with the iteration in
the ﬂexible multibody system in which ﬂexible linkage system and electro-hydraulic drive system
are coupled with each other. c© 2013 The Chinese Society of Theoretical and Applied Mechanics.
[doi:10.1063/2.1301301]
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Hardware in the loop simulation (HILS) has been
utilized in the industrial world for the improvement of
the product quality. HILS requires the real time simula-
tion for the multibody dynamics (MBD) model.1 Much
eﬀort is spent to reduce the numerical cost. Dopico
et al.2 clariﬁed that implicit Runge–Kutta (IRK) algo-
rithms can be more suitable for real-time applications
using a vehicle dynamics model. Arnold et al.3 dis-
cussed the combination of explicit methods for non-stiﬀ
solution components with implicit methods for stiﬀ so-
lution components and constraints. Kim et al.4 pro-
posed two diﬀerent subsystem synthesis methods with
independent generalized coordinates.
In the ﬁeld of the structural analysis, the paral-
lel computing technique has been developed for the
largescale model and the domain decomposition meth-
ods are often utilized. The domain decomposition
method is roughly classiﬁed into two groups: One is
the domain overlap method (Schwarz method) and the
other is the independent domain method. In Schwarz
method, each solution is exchanged after solving the
equations in each domain. Fujikawa et al.5 proposed a
dynamic response analysis method by introducing the
domain decomposition method (DDM) connecting with
the elastic elements as a kind of Schwarz method. This
method ensures the numerical stability and the accu-
racy of the numerical calculation by introducing the it-
eration into the constant external force method in each
time step. The authors6 presented the dynamic simula-
tion of the ﬂexible multibody dynamics using the DDM,
and this method was useful for the actual dynamic sim-
ulation of the hydraulic excavator.
This paper proposes the fast simulation technique of
the DDM for coupled system which consists of subsys-
tems with diﬀerent frequency characteristics by employ-
ing diﬀerent time step for each subsystem. The parallel
computing with a common memory using three CPUs
is carried out on the multi degrees of freedom (DOF)
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mass-spring model. For the actual simulations of ﬂex-
ible multibody system, we discuss the actual digging
operations of a hybrid system on the hydraulic exca-
vator. In order to conduct the modeling of the hybrid
system, the coupling analysis theory with the ﬂexible
linkage system and the electric-hydraulic drive system
is presented. It is clariﬁed that the computing time us-
ing the DDM can be reduced on the application for the
dynamic simulation of the actual digging operations of
the hydraulic excavator.
The equations of motion in the linear dynamic sys-
tem are as follows
Mu¨+Cu˙+Ku = f , (1)
whereM ,C,K are mass, damping and stiﬀness matrix,
respectively. u,f are displacement and external force
vector respectively. Considering the model with two
subsystems connected by a spring as shown in Fig. 1,
Eq. (1) is shown as follows[
M1 0
0 M2
][
u¨1
u¨2
]
+
[
C1 0
0 C2
][
u˙1
u˙2
]
+
[
K11 K12
K21 K22
][
u1
u2
]
=
[
f1
f2
]
, (2)
where u1,u2 are displacement vector of subsystem A
and B, respectively. Decomposing Eq. (2) into the sub-
systems, treating the coupling force as constant, and
assuming the predictive value at the time tn+1 = tn+h
to be uˆ1,n, uˆ2,n, Eq. (2) can be derived as follows
M1u¨1 +C1u˙1 +K11u1 = f1 −K12uˆ2,n,
M2u¨2 +C2u˙2 +K22u2 = f2 −K21uˆ1,n. (3)
As the right hand side is known, those equations can be
solved independently on each subsystem in the time step
h. This procedure is equivalent to assume the coupling
spring force K12uˆ2,n,K21uˆ1,n to be constant external
force in the time interval. The displacement uˆi,n =
ui,n (i = 1, 2) at the initial time tn of the time step is
used for the prediction value.
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Fig. 1. Subsystems connected by springs.
The constant coupling force (CCF) method shown
above is not absolutely stable as the numerical integra-
tion. In order to ensure the numerical stability, the time
step size h should be small. Fujikawa proposed a numer-
ical stable solution scheme by introducing the iteration
calculation. In this algorithm, the iteration is carried
out by using the following equations(
M11 + 0.5hC11 + βh
2K11
)
Δa
(k+1)
1 =
f1,n+1 −K12uˆ(k)2,n − [M11u¨1,n+
C11(u˙1,n + hu¨1,n)+
K(u1,n + hu˙1,n + 0.5h
2u¨1,n)], (4a)(
M22 + 0.5hC22 + βh
2K22
)
Δa
(k+1)
2 =
f2,n+1 −K21uˆ(k)1,n − [M22u¨2,n+
C22(u˙2,n + hu¨2,n)+
K(u2,n + hu˙2,n + 0.5h
2u¨2,n)]. (4b)
Obtaining Δa
(k+1)
i (i = 1, 2) as uˆ
(k)
i,n = ui,n (i = 1, 2) at
the initial step of the iteration process, u
(k+1)
i,n+1(i = 1, 2)
can be obtained by substituting Δa
(k+1)
i (i = 1, 2) into
the Newmark equations. The Δa
(k+1)
i (i = 1, 2) and
u
(k+1)
i,n+1(i = 1, 2) can be obtained by assuming to be
uˆ
(k)
i,n = u
(k+1)
i,n (i = 1, 2) after the second step of the
iteration process. This iteration continues until conver-
gence. This procedure can ensure the numerical stabil-
ity though the convergence depends on the size of the
connecting spring constant.
The number of iteration should be reduced for more
fast simulation, since the iteration is conducted, until
the state variables u
(k+1)
i,n+1(i = 1, 2) in the coupling part
of each substructure have converged on the DDM. Then,
the Taylor developing is employed in the prediction dis-
placement at next time step in the DDM. Considering
the acceleration yields the following prediction displace-
ment in the ﬁrst step of the iteration
uˆ
(0)
i,n = ui,n + hu˙i,n + 0.5h
2u¨i,n, i = 1, 2. (5)
This prediction leads the reduction of the iteration num-
ber, as the coupling force can be precisely predicted
even in the case of the rapid response on the coupling
part. This method is called improved DDM (IDDM)
hereafter. The calculation procedure in the following
iteration process is as same as the one shown before.
Figure 2 shows the computing algorithm of DDM
in the case of the nonlinear subsystem, which is the
same as the one of IDDM. The iteration calculation of
Newton method is conducted for each subsystem, and
it goes to next step after iteration calculation of the
DDM is conducted. The coupling force is assumed to
be constant in the iteration of Newton method for each
subsystem, while the coupling force is updated in the
iteration of the DDM.
For the computing speedup, it is eﬀective to reduce
matrix size of subsystem. Then, the system is divided
into three subsystems. Figure 3 shows a system con-
ﬁguration of three divided subsystem. The number of
coupling forces increases to two, which are treated as
the external forces between subsystems. For subsystem
A, coupling forces in Eq. (4a) may be treated as adding
the coupling force between subsystem A–C to that be-
tween subsystem A–B. It can be treated as a same way
as subsystem A for subsystems B and C. Computing
algorithm for two subsystems (shown in Fig. 2) can be
extended to three subsystems by conducting for each
subsystem.
If the frequency characteristics of divided subsys-
tems are signiﬁcantly diﬀerent from each other, it is
suitable to calculate each subsystem using diﬀerent time
step in proportion to frequency characteristics of each
subsystem. Figure 4 shows the computing algorithm for
three divided subsystems in which diﬀerent time step is
applied. In this model, the time steps of subsystems
A and B are 1/2 and 1/4 of that of subsystem C re-
spectively. The bold lines in this ﬁgure indicate the
DDM iteration part that coupling forces at connecting
points should converge for each subsystem, and the bro-
ken lines indicate the non-iteration part that coupling
forces are used as ﬁxed values estimated from the state
variables at the time. Then, the steps of the DDM it-
eration and the non-iteration are alternatively repeated
in subsystem A and B. The eﬀect of computing speedup
depends on both the time step based on the frequency
characteristics and the number of DOF of each subsys-
tem. In the model of Fig. 4, if the subsystem C has large
number of DOF and low frequency characteristics, and
if the subsystem B has small number of DOF and high
frequency characteristics, the computig cost can be re-
duced by applying a large time step in the subsystem
C, comparing with applying a small time step based on
the subsystem B.
The veriﬁcation of the present procedure is carried
out by comparing computing time using a multi-DOF
mass-spring model. The model is divided into three sub-
systems A, B, C, as shown in Fig. 5, while the coupling
forces are treated as equivalent constant external forces
in time step. The computing of subsystems A, B, C is
conducted in the independent CPU, and the coupling
forces are updated, while the state variables of connect-
ing points are exchanged in every time step. The time
step is 0.1 ms for subsystem B, and is 1.0 ms for subsys-
tems A and C. The number of DOF is 20 for subsystem
B, and increases for subsystems A and C. Table 1 shows
the total number of DOF of this model and the number
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Table 1. The number of DOF for simulation model.
DOF 1DIV model
3DIV model
Sub A Sub B Sub C
40 40 10 20 10
60 60 20 20 20
100 100 40 20 40
150 150 65 20 65
200 200 90 20 90
of DOF of each subsystem on 3 divided parallel com-
puting. In this table, 1DIV means undivided model
using conventional method without multi-rate integra-
tion, and 3DIV means 3 divided parallel computing with
multi-rate integration. The time step of 1DIV model is
0.1 ms.
Figure 6 shows the displacement responses of con-
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Fig. 8. Linkage system model of hydraulic excavator.
necting points for 1DIV and 3DIV model, while the time
step of each subsystem is changed. The coincidence be-
tween both responses is quite good, and the simulation
is also satisfactory. Figure 7 shows the computing time
ratio for the total number of DOF as a standard for
1DIV model with 40 DOFs, showing that the ratio with
the parallel computing is less than 1/10 of 1DIV model.
The present algorithm is veriﬁed to reduce the comput-
ing time by adjusting the time step for each subsystem
in the parallel computing.
The modeled machine is a hydraulic excavator with
electric-hydraulic drive system. Figure 8 shows the link-
age system and hydraulic actuator system of the hy-
draulic excavator. The linkage system is modeled by
using the beam element as shown in Fig. 9. The con-
straint conditions of the pin joint are eliminated by us-
ing the handling technique for the pin joint constraint
as shown in the previous paper.6 The nodal points in
the upper body are deﬁned only at the center of the
rotation and the gravity position of the weighted body.
The number of the nodal point is 16 in this model. Fig-
ure 10 shows the hydraulic and power system conﬁgura-
tion. The hydraulic excavator in this operation is driven
by 6 hydraulic actuators: Three of them are hydraulic
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Fig. 10. System diagram of hydraulic excavator with
electric-hydraulic drive system.
cylinders, which drive attachments; three of them are
hydraulic motor. These actuators are controlled by con-
trol valves which deliver hydraulic operating ﬂuid sup-
plied by hydraulic pumps. The power train system is a
hybrid system which consists of an engine and a battery,
which assists the engine and charges the surplus power
of the engine, while the standard machine is driven only
by the engine.
The system is a coupled system with the linkage sys-
tem, the hydraulic system, and the power train system
which consists of a generator, a battery, and their con-
troller. The system simulation requires the integrated
model of the total system. As the frequency character-
istics of each system are diﬀerent to each other, it is
not eﬃcient to adopt a time step for each system from
the standpoint of numerical simulation. The system is
suitable to apply the present technique of the DDM,
which divides the system into subsystems of the link-
age system, the hydraulic system, and the power train
system, and which adopts diﬀerent time steps for each
subsystem.
In order to model the hybrid excavator, the cou-
pling analysis with the ﬂexible multibody system and
the electric-hydraulic drive system are presented in this
section. The MCK type nonlinear equations of motion
are obtained by linearizing the coupling system with the
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Fig. 11. Electric connecting element.
electric-hydraulic drive system and ﬂexible multibody
system at time tn as follows
Mq¨n+1 +Cq˙n+1 +Kqn+1 = fn+1 − f¯n, (6)
where qn+1 is the state variable vector, which is the
displacement vector in the ﬂexible multibody system,
which is the integral of ﬂow rate vector in the hydraulic
system, and which is the electric charge in the elec-
tric system at time tn+1. M ,C,K are linearized mass,
damping and stiﬀness matrix respectively at time tn,
fn+1 is the external force vector at time tn+1. f¯n is the
correction external vector by linearizing the non-linear
element force vector at each time step.
The power electronics devices in the hybrid power
system consist of a generator and a battery. The gener-
ator is permanent magnet type three-phase synchronous
generator, which is modeled as an equivalent direct cur-
rent (DC) generator to simplify the three-phase alter-
nating current (AC) model. Assuming the state vari-
ables to be the equivalent electric charge of the DC
circuit qg and the rotational angle of the generator θg
yields the equations of electric circuit and motion as
follows
Lgq¨g +Rgq˙g −Keθ˙g = −Vg, (7)
Jgθ¨g + Tη(θ˙g) +Ktq˙g = Tg, (8)
α = sin−1[pLq˙g/(2Ke)], (9)
where Lg is the inductance of the generator, Rg is the in-
ner resistance of the generator, Jg is the inertial moment
of the generator, Tη(θ˙) is the machinery loss torque,
Kt is the torque constant, Ke is the back electromotive
force constant, Tg is the drive torque of the generator,
and p is the number of pole.
The internal resistance of the battery is assumed to
be constant in the range of use for discharge and charge
In this case, the following equation of electric circuit
can be obtained
Rbq˙b +Qb(qb) = Vout, (10)
where Rb is the internal resistance of battery, Qb(qb)
is the internal voltage of battery, Vout is the output
voltage, qb is the electric charge of battery, respectively.
As the power electronics devices are connected by
the electric wiring in the electric power system, the elec-
tric connecting element is modeled for the electric cir-
cuit with the branch. In the case of 3-port wiring as
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Fig. 12. Converter control system model.
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procedure.
shown in Fig. 11(a), the electric charges qe = {q1 q2 q3}T
are assumed as the state variables of each nodal point,
the nodal voltages are assumed to be Ve = {V1 V2 V3}T,
and the electric voltage in the wiring is assumed to be
constant, then the following equations of electric voltage
are derived
Ve = Kwqe,
Kw = Kw
⎡
⎢⎣ λ
2
1 λ1λ2 λ1λ3
λ1λ2 λ
2
2 λ 2λ3
λ1λ3 λ 2λ 3 λ
2
3
⎤
⎥⎦ , (11)
where Kw = 1/Cw, Cw is the electric capacity of the
wiring. The λi(i = 1, 2, 3) are the coeﬃcients which
indicate the direction.
In the electric power system, the converter controls
the electric power of each device. Although the electric
power is controlled by the switching in the convertor,
here it is assumed that the power conversion is car-
ried out ideally. Then, the convertor model is assumed
that the converter current changes to keep the electric
power constant. In the case of 2-port wiring as shown
in Fig. 11(b), the node 2 is assumed to be the convertor.
When the voltage V ′2 in the converter is made to be λ c
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on actual digging operation of hydraulic excavator.
times, the charge of the convertor is q′2 = λcq2 from the
condition of the constant power.
Considering the current direction λ1 = 1, λ2 = −λc
yields the equation of electric voltage as follows{
V1
V2
}
= Kw
[
1 −λc
−λc λ2c
]{
q1
q2
}
. (12)
In the converter control system, the electric power
transformation is conducted by PI control detecting the
current of the converter as shown in Fig. 12.
The proposed DDM has been implemented to the
dynamic simulation of the hydraulic excavator with the
electric-hydraulic system, which is carried out for typ-
ical swing-digging operations. The total system is di-
vided into three subsystems: The ﬁrst one is the power
train system with electric devices; the other is the
hydraulic-linkage system, which is divided into two sub-
systems. The time step is 0.1 ms in the power train
system considering the frequency characteristics of the
electric devices, and is 5 ms in the hydraulic-linkage sys-
tem considering the numerical stability. The time step
of the conventional procedure is 0.1 ms by adjusting one
of the power train system.
The numerical responses of the boom cylinder ve-
locity and the engine assist electric power in operation
are shown in Fig. 13. The coincidence between the con-
ventional and numerical responses is quite good, and
the precision of the proposed DDM in the actual prob-
lem is also satisfactory. The computing time ratio of
the conventional and the DDM procedure are shown in
Fig. 14. The computing time is under 10% comparing
the conventional one.
The parallel computing algorithm to address dif-
ferent time steps in each subsystem using the DDM
is presented. The present algorithm is veriﬁed to re-
duce the computing time by adjusting the time step for
three divided model of MDOF mass-spring model. The
proposed DDM has been implemented to the dynamic
simulation of the hydraulic excavator with the electric-
hydraulic system, showing that the coincidence between
the conventional and numerical responses is quite good,
and the precision of the proposed DDM in the actual
problem is also satisfactory. The computing time of the
proposed DDM is under 10% comparing the conven-
tional one.
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